Abstract. The next generation digital versatile disk (DVD) using blue lasers will have a capacity of 13 to 15 Gbytes. Compared with current DVD, the wavelength will be shorter and the numerical aperture (NA) will be higher. But with the increase of NA and decrease of wave length, the depth of focus (DOF) decrease rapidly, which makes it hard for the servo-system to track. We propose an optimized three-portion phaseshifting apodizer to increase the depth of focus and at the same time minimize the spot size, which makes the DOF of next generation DVD comparable to current DVD. The simulation result shows that an optical system with this apodizer also has a good defocus characteristic.
Introduction
The demand for high density optical data storage requires high numerical aperture and short wavelength. The relation among the spot size ͑d͒, depth of focus ͑DOF͒, and numerical aperture ͑NA͒ of a lens with wavelength is dϭ0.5/NA DOFϭ/NA 2 , ͑1͒
where d is the effective spot size, which is the width at half maximum of the intensity. The current DVD has a wavelength of 0.65 m, and an objective lens of NAϭ0.6. The corresponding spot size and the depth of focus are dϭ0.54 m DOFϭ1.8 m. ͑2͒
For a drive with an optical lens of NAϭ0.85 and a wavelength of 0.5145 m, the spot size and DOF are d ϭ0.3 m and DOFϭ0.712 m. But the shortest pit length of current DVD is 0.4 m, which corresponds to the width at 70% the maximum intensity in the beam waist intensity profile. If we also take the width at 70% the maximum intensity as the shortest pit length, the shortest pit length would be 0.224 m. The next generation DVD requires the shortest pit length to be 0.2 to 0.25 m. [1] [2] [3] Obviously, the configuration of this optical system satisfies the requirement. But the depth of focus is much shorter than current DVD. So, it is difficult for the electro-optic focusing system to follow the vibration of the disk. The author knows only two papers that propose to gain super-resolution and increase the DOF. One is the center obstruction method, 4 with which the depth and the resolution is increased with the penalty of low efficiency, for much of the energy is lost. The other is the diffractive optical element method. 5 But the result is not quite satisfying, and the defocus effect and the axial behavior are not discussed. We propose to use a phase-shifting apodizer to increase the DOF and at the same time decrease the spot size for the next generation DVD. Simulation results have shown that the DOF is comparable to that of the current DVD. The intensity along the axis is optimized, and the side-lobe intensity is kept under 20%. This kind of phase-shifting optical element is easy to produce and duplicate for mass production. Figure 1 shows that the collimated light passes through an apodizer and then converges onto an optical disk by an objective lens.
Principle Operation of the System
For convenience, suppose the optical system is illuminated with a uniform intensity distribution light source. The normalized amplitude distribution in the image side can be defined as
where r is the radial coordinate of the objective lens pupil plane, ͕͖ϭ j , and jϭ1, . . . N defines the phase of zone j on the pupil plane. The radial position of each zone is given by ͕r͖ϭr j , jϭ0, . . . N, where r 0 ϭ0. The and u are the simplified radial and axial coordinate in the image side, respectively.
where R and Z are the genuine radial and axial coordinate in the image side. NA is the numerical aperture of the objective lens.
In the beam waist plane where Zϭ0, that is uϭ0. Thus the amplitude distribution in the image side can be simplified as
for a three-portion phase-shifting apodizer in Fig. 2 . The phase of the three portions are 0, , and 0 ͑see Refs. 6-8͒, and the radius of the three portions are a, b, and 1. Thus we get the radial amplitude distribution in the beam waist plane
͑7͒
The center-peak-intensity ratio
For small values of , use Eq. ͑9͒.
To generate an approximate formulation to the third order term, then we get
͑10͒
The half-width-ratio
.
͑11͒
The amplitude along the axis is
͑12͒
thus the intensity along the axis is
According to Eqs. ͑8͒ and ͑13͒, we get
͑14͒ Fig. 1 System setup. The collimated light passes through an apodizer and then converges onto an optical disk by an objective lens. Fig. 2 Structure of the apodizer. The phase of the three portions are 0, , and 0, and the radius of the three portions are a, b, and 1.
Equation ͑14͒
indicates that the axial intensity distribution is affected by two factors. One is the beam waist centerpeak-intensity ratio. The other is the inner radius of the three-portion apodizer. For a certain center-peak-intensity ratio S, the axial intensity distribution changes with the inner radius b. Thus, we tried to optimize the axial intensity distribution by a suitable selection of the inner radius b.
Simulation Results
A computer simulation is successfully performed with a wave length of ϭ0.5145 m and an objective lens of NAϭ0.85. We assume that the acceptable minimum value of center-peak-intensity ratio is 0.3, and the acceptable maximum relative side lobe peak intensity is 0.2. The simulation result shows that with the proposed apodizer, this optical system has a good defocus characteristic, and the focus depth of the unapodized system is 0.712 m, while the apodized system has a focus depth of 2.29 m, increased by 3.185 fold, and an HWR of 0.8 is gained. Figure 3 shows the comparison of the axial behavior of the apodized system and the unapodized system. The solid curve corresponds to the apodized system, and the dashed curve stands for the unapodized one. The two curves are normalized for comparison. Figure 4 shows the defocus characteristic of the apodized system. The half-width-ratio at the beam waist is 0.8 when the defocus value is 1.145 m. That is where the axial intensity decreased to 80%, and the half-width-ratio is 0.9, still smaller than that of the unapodized system. Figure 5 is the 3-D intensity distribution of the unapodized system. It is easy to see that the axial intensity decreases rapidly with the increase of axial distance. This can also be seen in Fig. 3 ͑the dashed curve͒. Figure 6 is the 3-D intensity distribution of the apodized system. It can be seen that for a certain region the axial intensity changes little. The center-peak-intensity ratio at the beam waist plane is 0.302 and the relative side lobe peak intensity is 17.6%.
If we take the width at 70% of the maximum intensity profile as the shortest pit length, then we get Fig. 7 . Figure 7 is the expected shortest pit length the system can read versus defocus distance of the apodized system. It's easy to see that when the defocus distance is 1 m the expected shortest pit length is still shorter than 0.2 m.
Conclusions
In summary, we have proposed to use a three-portion phase-shifting apodizer to increase the DOF and at the same time minimize the spot size, which makes the DOF of next generation DVD comparable to current DVD. A computer simulation is successfully performed with a wave length of ϭ0.5145 m and an objective lens of NA ϭ0.85. The focus depth of the unapodized system is 0.712 m while the apodized system has a focus depth of 2.29 m, increased by 3.185 fold. The simulation results show that with the proposed apodizer this optical system has a good defocus characteristic. With a super-resolution effect of HWRϭ0.8, if a wave length of ϭ0.488 m is chosen, the spot size would be 0.229 m, small enough for next generation DVD. The expected shortest pit length the system can read is also calculated in accordance with the cur- rent DVD. Uniform intensity distribution light is chosen only for convenience. The apodizer can also be optimized with measured light intensity distribution.
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Fig. 6
Three-dimensional intensity distribution of the apodized system.
Fig. 7
The expected shortest pit length versus defocus distance of the apodized system.
